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WAIT-FREE PARALLEL, DATA CACHE 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This patent application is a continuation and claims the 
benefit of priority under 35 U.S.C. S 120 of U.S. patent appli 
cation Ser. No. 13/460,785, filed Apr. 30, 2012, entitled 
“WAIT-FREE PARALLEL DATA CACHE, which is a con 
tinuation of U.S. patent application Ser. No. 12/897,679, filed 
Oct. 4, 2010, entitled “WAIT-FREE PARALLEL DATA 
CACHE”, which is a divisional of U.S. patent application Ser. 
No. 11/784,831, filed on Apr. 9, 2007, entitled “WAIT-FREE 
PARALLEL DATA CACHE, the disclosures of which are 
incorporated herein by reference. 

BACKGROUND 

This disclosure relates generally to computer-based 
mechanisms for data cache management, and more particu 
larly to techniques to improve read or write access for global 
data cache structures, and manage expiring data pages and 
data cache free space. 

Various database systems use in-memory cache to speed up 
access to data. There are various well-known cache manage 
ment and data replacement techniques. Such as Least 
Recently Used (LRU), a rule by which a page is selected to be 
removed if it has been used less recently than any other page. 
Most of, if not all, caching implementations for multi-proces 
sor Systems need to synchronize on Some central lock in order 
to access a page or resource. This causes significant stalls in 
data processing on multi-processor Systems, as Synchroniza 
tion on global locks is very costly there (on the order of 
hundreds to thousands of CPU cycles). 

FIG. 1 illustrates an exemplary data structure 100 for a data 
processing system. For each central processing unit (CPU) in 
the data processing system, there is a dedicated data structure 
for CPU State 102. Each CPU State 102 is associated with 
several queues 104, which hold page usage information, free 
“buckets of memory for memory allocations, and currently 
held pages for reading or writing. 

Tasks (T1, T2,...) 108 on each CPU access these CPU 
state 102 data structures to reserve access to data cache 101. 
Since tasks 108 are assigned to a CPU, any operations on the 
CPU state 102 and associated queues 106 do not need to be 
synchronized between tasks on the CPU 102. No task 108 
accesses the CPU State 102 of another CPU. 

In addition to CPU-specific state 102, a number of global 
structures represent the data cache 101 itself, and includes the 
actual data cache buckets containing database pages, LRU 
queue, data cache control blocks and hash table, global locks, 
etc. All tasks 108 need to access these global structures. There 
are at least two global locks. An LRU global lock112 protects 
the LRU queue, while a free list global clock 114 protects the 
list for free cache buckets. 

In operation, an LRU process needs two global variables 
with pointers to the LRU head and the LRU tail of the LRU 
queue, to be able to quickly access both ends of the LRU 
queue. The LRU head is used to chain in recently used buck 
ets; the LRU tail is used to quickly find buckets that have been 
unused for a predetermined time and which are candidates for 
expiration. As the data cache 101 becomes full, an expirer 
process 110 expires old buckets and frees up the memory for 
new pages which are loaded from another source, e.g., from 
secondary storage. 
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2 
Read Access 
A given page p must be present in the cache for providing 

read access to it. If not, it has to be loaded from secondary 
storage. Furthermore, it must be ensured that page p will not 
be expired from cache as long as it is accessed. The conven 
tional method to providing read access includes locking the 
LRU queue to prevent expires, and finding page p in the 
cache. If page p is not found, the LRU queue is unlocked to 
allow parallel processes to continue, page p is loaded from 
secondary storage, the LRU queue is locked again and page p 
is put to the head. After this, page p can be marked as used for 
reading. The LRU queue can then be unlocked, the data 
access performed, the LRU queue is relocked, page p is 
marked as unused and moved to the head of LRU, and the 
LRU unlocked again. 
The expirer process 110 typically ignores pages that are in 

use when expiring pages from the LRU tail of the LRU queue. 
In general, this requires locking the global LRU lock and 
freelist lock, which is a big contention point. There are vari 
ous “tricks' to limit the impact of this global lock, such as, for 
example, using several LRU queues hashed by pageID, but it 
is not possible to remove the contention using conventional 
algorithms. Also, such solutions usually worsen the cache 
efficiency. For instance, in situations where there exist several 
independent LRU queues, in the worst case there is significant 
I/O overhead. Further, to mark page used for reading, con 
ventional algorithms usually also do a shared lock on the 
page, which again adds contention. 

Write Access 
In conventional methods, a page is locked exclusively for 

write and shared for read, i.e., all readers are excluded when 
a writer tries to write the page and the writer is excluded when 
any reader runs. Access to the page happens similar to read 
aCCCSS, 

Expiring Data Pages 
In case the data cache is full, it is necessary to remove or 

expire some least-used pages from the cache, based on LRU 
policy. For this purposes, the expirer process 110 will be 
triggered. The expirer process 110 itself is usually a singleton, 
i.e., there may not be several expirer processes running in 
parallel. The expirer process 110 is adapted to remove some 
data cache buckets and make them free for reuse. 

In a conventional method for expiring data pages, the 
expirer process 110 locks LRU queue (global lock), picks one 
or more unused pages from an LRU tail, unchains selected 
pages from the LRU queue, unlocks the LRU queue, and 
writes any modified unchained pages to secondary storage. 
Then, the free list is locked, unchained pages are added to the 
free list, and the free list is unlocked. 
As can be understood, a contention exists for the LRU 

queue lock. Also, a second contention exists for free list lock. 
These two contention points are not too problematic however, 
as the expirer process seldom runs in comparison to cache 
access. But this is not a complete solution, as care must be 
taken to prevent writes to pages in I/O and to re-chain used 
pages back to LRU if those pages were used during writing. 

Free Space Management 
Unused pages are usually held in one of a number of types 

of free lists. For example, on startup, all pages are free. Or, 
when a page gets deleted or expired from cache, it becomes 
free. Free pages are then used when loading a page from 
secondary storage, or when creating a completely new page. 
In conventional methods, free list access needs to be synchro 
nized using a global lock, which also causes contention. 

Therefore, an improved data cache management scheme is 
needed. 
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SUMMARY 

In general, this document discusses a system and method 
for data cache management which makes use of memory 
barriers and atomic compare-and-exchange instruction to 
provide wait-free data cache operations. In addition to data 
base caches, the system and method can be implemented for 
other types of caches such as file system cache, memory 
management Systems, etc. 

In one aspect, a method for managing a data cache in a 
central processing unit (CPU) of a database system includes 
the steps of adding an ID of a page p into a page holder queue 
of the data cache, executing a memory barrier store-load 
operation on the CPU, and looking-up page p in the data 
cache based on the ID of the page p in the page holder queue. 
The method further includes the steps of, if page p is found, 
accessing the page p from the data cache, and adding the ID of 
the page p into a least-recently-used queue. 

In another aspect, a method for managing a data cache in a 
central processing unit (CPU) of a database system includes 
the steps of locking a least-recently-used (LRU) queue of the 
data cache, selecting a number of pages from the LRU queue, 
marking a set of the selected number of pages with an expi 
ration flag, and loading a list of used pages from the selected 
number of pages that have been marked for expiration. The 
method further includes the step of for each page p in the 
selected number of pages, removing the expiration flag if the 
page p is contained in the list of used pages and removing this 
page from a list of the selected number of pages. 

In yet another aspect, a method is presented for managing 
free space in a data cache in a central processing unit (CPU) 
of a database system, in which unused pages are represented 
in a local free bucket queue. The method includes the steps of 
defining a local free bucket queue, and determining whethera 
size of the free bucket queue is more or less than respective 
overflow and underflow thresholds set for the free bucket 
queue during freeing or allocating pages. The method further 
includes the step of, if the size of the free bucket queue is more 
than the overflow threshold, and in case a global free list 
queue can be locked, flushing half of the unused page(s) into 
the global free list queue, and if the size of the free bucket 
queue is less than the underflow threshold, obtaining unused 
page(s) from the global free list. 
The details of one or more embodiments are set forth in the 

accompanying drawings and the description below. Other 
features and advantages will be apparent from the description 
and drawings, and from the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and other aspects will now be described in detail 
with reference to the following drawings. 

FIG. 1 illustrates an exemplary data structure. 
FIG. 2 illustrates a method for performing read access on a 

data cache. 
FIG. 3 illustrates a method for expiring pages. 
FIG. 4 is a flowchart of a free space management process 

for freeing a page. 
FIG. 5 is a flowchart of a free space management process 

for allocating a new page. 
FIG. 6 is a flowchart of a method for adding a page to a free 

list. 
FIG. 7 is a flowchart of a method for obtaining a page from 

the free list. 
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4 
Like reference symbols in the various drawings indicate 

like elements. 

DETAILED DESCRIPTION 

This document describes a system and method for data 
cache management using memory barriers and atomic com 
pare-and-exchange instructions to provide wait-free data 
cache operations. A memory barrier causes the CPU to finish 
all operations of a first specified type before doing any opera 
tion of a second specified type. For example, a specification of 
“memory barrier store-load would mean, next memory load 
instruction after memory barrier may be executed only after 
all store instructions preceding memory barrier have com 
pleted. Memory barriers are needed on multi-processor sys 
tems to properly synchronize access to data from processes 
residing on different CPUs. 
The term "compare-and-exchange mem, expected, 

new value, returns oldvalue' refers to an atomic instruction 
which compares memory location at mem with expected. If 
the value matches, new value will be written to the memory 
location. In any case, the old value at mem will be returned to 
oldvalue. Using this instruction, it's possible to construct 
synchronization primitives, such as spinlocks. Usually, this 
instruction executes the memory barrier implicitly. It is also 
possible to use this instruction for programming various wait 
free algorithms (for instance, a concurrent stack can be imple 
mented using this method). The methods and systems 
described below illustrate how to provide safe wait-free 
access to global data cache structures. 
Read Access 
In exemplary embodiments of a data cache management 

system, the locks are to be avoided as much as possible. To 
accomplish this, the data cache management system makes 
use of memory barriers and page holder queues. 

In accordance with one aspect of the data cache manage 
ment system, a method 200 for performing read access on a 
data cache is illustrated in a flowchart in FIG. 2. At 202, an ID 
of page p is added into a page holder queue. At 204, a memory 
barrier Store-load operation is executed. At 206, page p is 
looked up in the cache. 
At 208, it is determined whether page p is found. If not, at 

210 a request to load page p is executed via a data loader, and 
at 212 the associated CPU is yielded for parallel processes, or 
else it waits until the load request is complete. The lookup for 
page p is then retried at 206. Once page p is found, it is 
determined whether page p is marked for expiration. If so, 
212 is executed where the associated CPU is yielded for 
parallel processes, or else waits until the load request is com 
plete. The lookup for page p is then retried at 206. 

If found page p is not marked for expiration, at 216 data 
access is performed. At 218, the ID of page p is added into the 
associated LRU usage queue, which is eventually flushed as 
described in greater detail below. At 220, a memory barrier 
load/store-store is performed, and at 222 the ID of page p is 
removed from the associated page holder queue. 

In this case, the page holder queues on all CPUs contain a 
list of all pages currently used, and which may not be expired. 
This will be used by the expirer process 110 to ignore pages 
in use. Also, appropriate memory barriers are needed for 
proper synchronization of data access from the expirer pro 
cess 110, as described later. Different memory barriers may 
be needed for various implementations of the page holder 
queue. 

In some implementations, the page holder queue is imple 
mented as a vector. Adding to a queue requires writing a new 
item at the end of the queue, and incrementing a count of 
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items afterwards, with proper store-store memory barrier in 
between. Removing from the queue requires copying the last 
element of the queue to the element to be removed, and then 
decrementing the count of items afterwards, with proper 
store-store memory barrier in between. 
A problem of reorganizing the LRU usage queue remains. 

In some implementations, the LRU usage queue would grow 
infinitely, which is unacceptable. To prevent this, a threshold 
can be configured (e.g., half of the size of LRU usage queue), 
Such that when adding to the LRU usage queue, this threshold 
is checked. If the queue size is above threshold, the process 
will try to lock the LRU. The lock will be usually acquired 
(i.e. Compare-and-exchange LRU lock, 0, CPUID returns 0). 

If the LRU could be locked, LRU changes can be flushed by 
moving all pages identified by the associated CPU's LRU 
usage queue to the head of the global LRU, and a memory 
barrier store-store operation executed. Then, the LRU can be 
unlocked (i.e. the LRU lock set to 0). Otherwise, if LRU could 
not be locked, if the LRU usage queue is full, the associated 
CPU can be yielded for parallel process (or until the LRU lock 
is free), then the operation can be retried. Otherwise, if some 
space in LRU usage queue still remains, the method would 
simply continue. Thus, if the global lock cannot be acquired 
immediately using atomic instruction, the algorithm will not 
wait. Only if the CPUs LRU usage queue is full will there be 
a wait for the LRU lock. 

Write Access 
It is not possible to completely avoid contention on write 

operations, as is the case on read operations, because two 
writers may try to update the same page. However, the con 
tentions are limited to a cache page level, and thus the prob 
ability of stalls is much lower. Further, instead of locking 
using conventional methods, one can use compare-and-ex 
change instruction to be able to immediately yield control to 
other tasks on same CPU in case of an unsuccessful lock. 

Acquiring the page for write access is much like as for read 
access, and only the data access is different. In general, there 
are two possibilities for write data access: 1) in-place write 
(“dirty write''); and 2) copy-on-write. The in-place write can 
be used in connection with readers that can cope with “dirty 
data and retry the operation, if necessary. For instance, struc 
tures offixed length, Such as mapping tables, may be updated 
using in-place write. But, many database algorithms can also 
be adjusted to work with in-place write and do any necessary 
retries. 

Copy-on-write does not destroy page data, but rather writes 
to a copy of the page. In this case, readers always operate on 
a clean version of the page. The writer will become a new 
page for writing, with the same pageID and copy of the page 
(known as a 'shadow page'). Thus, the page will be present in 
two or more versions in memory. The hash entry, however, 
always points to the newest version, after the writer is finished 
writing it. Using this mechanism, reading is non-blocking and 
consistent with respect to writers. 
As page access stores a page ID of the read page to a page 

holder queue, this might prevent old page versions from 
expiring from the LRU tail, as long as the page is used by 
Some task, even if it is a new version. One solution includes 
storing bucket IDs in a page holder queue instead of simply 
storing page IDs. 

Expiring Data Pages 
With reference to FIG. 1 and FIG. 3, the expirer process 

110 in a wait-free implementation operates in a similar man 
ner as in conventional algorithms. However, the method of 
picking pages to expire is different. As illustrated in FIG. 3, 
the method 300 begins at 302, where the LRU queue is 
locked, causing a global lock. At 304, several pages from the 
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6 
LRU tail are selected. At 306, selected pages are marked for 
expiration. At 308, the LRU queue is unlocked, and at 310 a 
list of used pages from the LRU usage queue of all CPUs is 
loaded. 

For each selected page p, at 312 the system determines 
whether p is contained in used pages list. If p is contained in 
used pages, the expiration flag on that page p is removed, and 
that page p is removed from the selected pages list. At 318, the 
system determines whether the list of selected pages is empty. 
If yes, at 322 the step of selecting pages from the LRU tail is 
retried, yet with more pages. If no, then, at 320, each modified 
page p contained in the selected pages list is written to sec 
ondary storage, at 324 the LRU queue is locked again, and at 
326 selected pages are removed from the LRU queue. At 328, 
the LRU queue is unlocked. At 330, the free list queue is 
locked, and at 332 selected pages are added to the free list. 
Finally, at 334, the free list queue is unlocked. 

Although the method 300 may seem complex with higher 
contention, this is not the case. Even if the LRU is locked 
twice, the LRU lock is held extremely shortly by other threads 
(few tens of instructions) and the other threads may in most 
cases continue without locking the LRU lock. Accordingly, 
the LRU lock can be safely implemented using a spinlock 
based on compare-and-exchange atomic instruction. Addi 
tional complexity of collecting used pages and comparing 
selected pages list with used pages array (< O(n log n), where 
n is Small) is more than outweighed by lower contention on 
the LRU lock. 

Free Space Management 
In a wait-free implementation, each CPU keeps a few data 

pages in a CPU-specific free bucket queue. This queue has a 
certain maximum size and two thresholds—underflow and 
overflow. Handling of the queue is similar to handling of the 
LRU usage queue. 

FIG. 4 illustrates a method 400 of freeing a page, in which 
the system first determines, at 402, whether the free bucket 
size is equal to or greater than the overflow data. If so, at 404 
the system attempts to lock the global free list (compare-and 
exchange free list lock, 0, CPUID returns 0). Next, the system 
determines whether the free list is locked at 406. If so, at 408, 
half of the free queue is flushed, by adding free pages to the 
global free queue, and at 410 memory barrier store-store is 
executed. At 412, the free list is unlocked, i.e. the free list lock 
is set to 0). 

If the free list is not locked at 406, at 414 the system 
determines whether the local free list queue is full. If so, at 
416 the CPU is yielded for parallel processes, and at 418 the 
system retries at 402. Otherwise, the free list queue is ignored 
and the method continues. If the free bucket queue size is not 
larger than the overflow, or after the free list is unlocked at 
412, the freed page is put into the free bucket queue, at 420. 

Freeing pages flushes some pages to the global queue by 
first trying to gain a free list lock, but if this does not succeed, 
the system continues with normal operation. As the free list 
lock is held extremely shortly, even in the case of full free list 
queue there will be minimal contention and effectively no 
wait times. 

FIG. 5 is a flowchart of a method 500 for allocating a new 
page according to a wait-free implementation. At 502, the 
system determines whether the free bucket queue size is less 
than or equal to an underflow. If so, at 504 the system attempts 
to lock the free list (compare-and-exchange free list lock, 0. 
CPUID returns 0). If the free list is locked, as determined at 
506, then at 508 the free queue is filled up to half by transfer 
ring free pages from the global free queue. At 510, the system 
determines whether some pages were available. If not, at 512 
the free list is unlocked, at 514 the expirer process is trig 
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gered, at 516 the system causes the CPU to yield for parallel 
processes, and at 518 the system will retry the method 500. 

If the free list is not locked at 506, then the system deter 
mines whether the local free list queue is empty at 520. If not, 
step 530 is executed to get the page from local free list. If so, 5 
the system causes the CPU to yield for parallel processes, and 
at 524 the method 500 is retried. If some pages were available 
at 510, then at 526 memory barrier store-store is executed, 
and at 528 the free list is unlocked. Finally, the free page is 
obtained from the now refilled free bucket queue, at 530. 10 
Similar to freeing a page, there will be almost no contention 
in normal case. In a case in which there is no free page, even 
in the global free list, the expirer process needs to be triggered 
to free up some pages. 

The proposed algorithm has another benefit—cache local- 15 
ity. Since freed and reused pages are mostly used on the same 
CPU, there is a good chance that the page itself resides in L2 
cache in the CPU and thus the operations on newly allocated 
page do not cause L2 cache line loads (and thus, load on data 
bus will be lower). 2O 

In one alternative, as the global free list is anchored by a 
single head pointer, it is possible to use a non-locking process 
for concurrent stack management instead. In this case, a pro 
cess to manage single pages in free list would occur as fol 
lows. FIG. 6 illustrates a method 600 for adding a pagep to the 25 
free list. 

Set current head-head (602) 
Set p.next=current head (604) 
Compare-and-exchange head, current head, p, returns 

old head (606) 30 
If old head < > current head: (608), then retry (610), 

changed by parallel thread. Note that this implementa 
tion needs to use a pointer/counter combination instead 
of simple pointers to avoid ABA problem. 

FIG. 7 illustrates a method 700 for obtaining a page from 35 
the free list: 

Set p-head (702) 
Set next p.next (704) 
Compare-and-exchange head, p, next, returns old head 

(706) 40 
If old head <> p (708), then retry (710) changed by par 

allel thread. 
In general, configuration and dimensioning of queue sizes 

depends on data access pattern, CPU architecture (effects of 
atomic instructions on data bus, instruction pipelining and 45 
how much stalls they create), total cache size, number of 
processors, used data cache management algorithm (e.g., 
LRU), etc. Proper dimensioning needs to be applied to gain 
maximum advantage of the wait-free algorithms and to pre 
vent contention on global locks. 50 

Embodiments of the wait free implementation and all of the 
functional operations described in this specification can be 
implemented in digital electronic circuitry, or in computer 
Software, firmware, or hardware, including the structures dis 
closed in this specification and their structural equivalents, or 55 
in combinations of them. Embodiments can be implemented 
as one or more computer program products, i.e., one or more 
modules of computer program instructions encoded on a 
computer readable medium, e.g., a machine readable storage 
device, a machine readable storage medium, a memory 60 
device, or a machine-readable propagated signal, for execu 
tion by, or to control the operation of data processing appa 
ratuS. 
The term “data processing apparatus' encompasses all 

apparatus, devices, and machines for processing data, includ- 65 
ing by way of example a programmable processor, a com 
puter, or multiple processors or computers. The apparatus can 
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include, in addition to hardware, code that creates an execu 
tion environment for the computer program in question, e.g., 
code that constitutes processor firmware, a protocol stack, a 
database management system, an operating system, oracom 
bination of them. A propagated signal is an artificially gener 
ated signal, e.g., a machine-generated electrical, optical, or 
electromagnetic signal, that is generated to encode informa 
tion for transmission to Suitable receiver apparatus. 
A computer program (also referred to as a program, Soft 

ware, an application, a Software application, a script, or code) 
can be written in any form of programming language, includ 
ing compiled or interpreted languages, and it can be deployed 
in any form, including as a stand alone program or as a 
module, component, Subroutine, or other unit Suitable for use 
in a computing environment. A computer program does not 
necessarily correspond to a file in a file system. A program can 
bestored in a portion of a file that holds other programs or data 
(e.g., one or more scripts stored in a markup language docu 
ment), in a single file dedicated to the program in question, or 
in multiple coordinated files (e.g., files that store one or more 
modules, Sub programs, or portions of code). A computer 
program can be deployed to be executed on one computer or 
on multiple computers that are located at one site or distrib 
uted across multiple sites and interconnected by a communi 
cation network. 
The processes and logic flows described in this specifica 

tion can be performed by one or more programmable proces 
sors executing one or more computer programs to perform 
functions by operating on input data and generating output. 
The processes and logic flows can also be performed by, and 
apparatus can also be implemented as, special purpose logic 
circuitry, e.g., an FPGA (field programmable gate array) or an 
ASIC (application specific integrated circuit). 

Processors suitable for the execution of a computer pro 
gram include, by way of example, both general and special 
purpose microprocessors, and any one or more processors of 
any kind of digital computer. Generally, a processor will 
receive instructions and data from a read only memory or a 
random access memory or both. The essential elements of a 
computer are a processor for executing instructions and one 
or more memory devices for storing instructions and data. 
Generally, a computer will also include, or be operatively 
coupled to, a communication interface to receive data from or 
transfer data to, or both, one or more mass storage devices for 
storing data, e.g., magnetic, magneto optical disks, or optical 
disks. 

Moreover, a computer can be embedded in another device, 
e.g., a mobile telephone, a personal digital assistant (PDA), a 
mobile audio player, a Global Positioning System (GPS) 
receiver, to name just a few. Information carriers suitable for 
embodying computer program instructions and data include 
all forms of non Volatile memory, including by way of 
example semiconductor memory devices, e.g., EPROM, 
EEPROM, and flash memory devices; magnetic disks, e.g., 
internal hard disks or removable disks; magneto optical disks; 
and CD ROM and DVD-ROM disks. The processor and the 
memory can be Supplemented by, or incorporated in, special 
purpose logic circuitry. 
To provide for interaction with a user, embodiments of the 

invention can be implemented on a computer having a display 
device, e.g., a CRT (cathode ray tube) or LCD (liquid crystal 
display) monitor, for displaying information to the user and a 
keyboard and a pointing device, e.g., a mouse or a trackball, 
by which the user can provide input to the computer. Other 
kinds of devices can be used to provide for interaction with a 
user as well; for example, feedback provided to the user can 
be any form of sensory feedback, e.g., visual feedback, audi 
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tory feedback, or tactile feedback; and input from the user can 
be received in any form, including acoustic, speech, or tactile 
input. 

Embodiments of the invention can be implemented in a 
computing system that includes a back end component, e.g., 
as a data server, or that includes a middleware component, 
e.g., an application server, or that includes a front end com 
ponent, e.g., a client computer having a graphical user inter 
face or a Web browser through which a user can interact with 
an implementation of the invention, or any combination of 
Such back end, middleware, or front end components. The 
components of the system can be interconnected by any form 
or medium of digital data communication, e.g., a communi 
cation network. Examples of communication networks 
include a local area network (“LAN”) and a wide area net 
work (“WAN), e.g., the Internet. 

The computing system can include clients and servers. A 
client and server are generally remote from each other and 
typically interact through a communication network. The 
relationship of client and server arises by virtue of computer 
programs running on the respective computers and having a 
client-server relationship to each other. 

Certain features which, for clarity, are described in this 
specification in the context of separate embodiments, may 
also be provided in combination in a single embodiment. 
Conversely, various features which, for brevity, are described 
in the context of a single embodiment, may also be provided 
in multiple embodiments separately or in any suitable Sub 
combination. Moreover, although features may be described 
above as acting in certain combinations and even initially 
claimed as such, one or more features from a claimed com 
bination can in Some cases be excised from the combination, 
and the claimed combination may be directed to a Subcom 
bination or variation of a Subcombination. 

Particular embodiments of the invention have been 
described. Other embodiments are within the scope of the 
following claims. For example, the steps recited in the claims 
can be performed in a different order and still achieve desir 
able results. 

What is claimed: 
1. A method comprising: 
Selecting, by one or more central processing units (CPUs), 
one or more pages from a least-recently-used (LRU) 
queue of a data cache; 

marking, by the one or more CPUs, the one or more 
Selected pages with an expiration flag; 

loading, by the one or more CPUs, a list of used pages from 
one or more LRU usage queues, the one or more LRU 
usage queues being associated with one of the one or 
more CPUs and being different from the LRU queue, the 
LRU queue being associated with each of the one or 
more CPUs; and 

for each page in the one or more selected pages, 
determining, by the one or more CPUs, whether the page 

is contained in the list of used pages, and 
if the page is contained in the list of used pages, remov 

ing, by the one or more CPUs, the expiration flag from 
the page. 

2. The method of claim 1, further comprising: 
removing the page from the one or more selected pages if 

the page is contained in the list of used pages. 
3. The method of claim 2, further comprising: 
determining, after the removing, whether any pages remain 

in the one or more selected pages; and 
repeating the selecting based on the determining. 
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4. The method of claim 3, further comprising: 
locking the LRU queue; and 
removing pages with an expiration flag from the LRU 

queue. 
5. The method of claim 1, further comprising: 
locking the LRU queue of the data cache before the select 

ing; and 
unlocking the LRU queue of the data cache before the 

loading. 
6. The method of claim 1, wherein the selecting further 

comprises selecting the one or more pages from a tail of the 
LRU queue. 

7. A computer program product comprising a non-transi 
tory machine-readable medium storing instructions that, 
when executed by at least one programmable processor, cause 
the at least one programmable processor to perform opera 
tions comprising: 

selecting, by one or more central processing units (CPUs), 
one or more pages from a least-recently-used (LRU) 
queue of a data cache; 

marking, by the one or more CPUs, the one or more 
Selected pages with an expiration flag: 

loading, by the one or more CPUs, a list of used pages from 
one or more LRU usage queues, the one or more LRU 
usage queues being associated with one of the one or 
more CPUs and being different from the LRU queue, the 
LRU queue being associated with each of the one or 
more CPUs; and 

for each page in the one or more selected pages, 
determining, by the one or more CPUs, whether the page 

is contained in the list of used pages, and 
if the page is contained in the list of used pages, remov 

ing, by the one or more CPUs, the expiration flag from 
the page. 

8. The computer program product of claim 7, the opera 
tions further comprising: 

removing the page from the one or more selected pages if 
the page is contained in the list of used pages. 

9. The computer program product of claim 8, the opera 
tions further comprising: 

determining, after the removing, whether any pages remain 
in the one or more selected pages; and 

repeating the selecting based on the determining. 
10. The computer program product of claim 9, the opera 

tions further comprising: 
locking the LRU queue; and 
removing pages with an expiration flag from the LRU 

queue. 
11. The computer program product of claim 7, the opera 

tions further comprising: 
locking the LRU queue of the data cache before the select 

ing; and 
unlocking the LRU queue of the data cache before the 

loading. 
12. The computer program product of claim 7, wherein the 

selecting further comprises selecting the one or more pages 
from a tail of the LRU queue. 

13. A system comprising: 
a processor; and 
a memory, wherein the processor and the memory are 

configured to perform operations comprising: 
selecting, by one or more central processing units (CPUs), 

one or more pages from a least-recently-used (LRU) 
queue of a data cache; 



US 9,280,489 B2 
11 12 

marking, by the one or more CPUs, the one or more 15. The system of claim 14, the operations further com 
Selected pages with an expiration flag; prising: 

determining, after the removing, whether any pages remain 
in the one or more selected pages; and 

repeating the selecting based on the determining. 
16. The system of claim 15, the operations further com 

prising: 
locking the LRU queue; and 

loading, by the one or more CPUs, a list of used pages from 
one or more LRU usage queues, the one or more LRU 
usage queues being associated with one of the one or 5 
more CPUs and being different from the LRU queue, the 
LRU queue being associated with each of the one or 
more CPUs; and removing pages with an expiration flag from the LRU 

for each page in the one or more selected pages, 10 queue. 
determining, by the one or more CPUs, whether the page 17. The system of claim 13, the operations further com 

is contained in the list of used pages, and prising: 
locking the LRU queue of the data cache before the select if the page is contained in the list of used pages, remov- ing; and 

ing, by the one or more CPUs, the expiration flag from unlocking the LRU queue of the data cache before the 
the page. 15 loading. 

14. The system of claim 13, the operations further com- 18. The system of claim 13, wherein the selecting further 
prising: comprises selecting the one or more pages from a tail of the 

LRU queue. removing the page from the one or more selected pages if 
the page is contained in the list of used pages. k . . . . 


